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siailar to the pilot dynanioa for the aiagle-loop attitude tracking took, 
e.g* reference 5 )* 

The forcing function should Ideally hare a po wer apaetral density 
ropro wwUtitf of the took under study, which io l oadi n g approach for 
transport typo aircraft, Howoror to ho nblo to oorrolnto results with 
thooo of nuy fixed-base ozporiaonto * rectangular apeotrua foraod hy 10 
oino vam with on effective bandwidth (6 oiao waves) of 1*3 rad/ooo has 
boon used* Tho control system, display and naaipalator worn tho sans for 
flight- and ground ozporiaonto* Bo low a ohort out-lino of tho oqnipnont 
used, io proaostod* 


Vohlolo i flinht i - Booohomft Queen Air Modol-rt> 
- Spoodo 130 HAS 


- Vernal acceleration oharaoterioed by tho firot order 
aoro a ^ of tho pitch attitudo-to a levator doflootion 
transfer fuaetioat vales 1*26 ooo " 1 


- Boll oontrol by safety-pilot* 


u cud i - 3-dogrooo of fToodon, Mowing Bane Flight Simulator of 
tho Delft University of Technology, also need "fiaed- 


- Pitch attitude notion idontioal to flight situation 
(so wash-out) 

- Normal acceleration oharaoterioed by the firot order 
zero, eee above Weeh-out, second order, with a tine 
constant of 2 oeoe 

C ontrol avion t Prsfiltsr-Modsl-Pol lowing noohaalsatlea for a pitch-rato- 
ooanaad/att i tuds-hold system* 


r„(s»iA a ) 


1 « Oonoral form I • 5 T J 

Paranetoro l/tg and *g selectable 


s) Short-period spp r ozl natioa. 
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Eyuoaloo u o od t 



Dim lav i COT (0*73 notor distanoo to the pi lot o eye) 

Roo t n oo n oqna ro osplltuds of foroing function* 1 on 

i NLB-oide-otiok oontrol lor • gradient 2*3 kge^dsgrso 
Stick oomoitiTity near optimum for snob Oontrollsd 
Bleaeat, 


3 DATA FHMBVAfZOV 

Fourier analysis of the reo ordo d data has been pe r fumed on a 
Bowlett Packard 3430 A Fourier Analyser, Run length was 200 sees and the 
data tabling **4e «*• 10 , Oonputed regmlte are overages ef 3 ms for 
each pilot cont r olled e lease t combination, 

A least squares fitting procedure van need to dotemiac the para netoro 
of a anthenatloal nodal approniaetiug the no aaiu a d deaeriMag fuaotioaa 
near cr o o n c r sr frequency. Data weighting aoeerdiag to tho frequeaoy 
separation with roopoot to the e ro ee e wer frequency hoc been applied. 

The dsrlwed auasrioal roomlto for the pilots who controlled both 
"easy* and "difficult* dynanies during the in-fligkt sspsrlmnts are 
prosoated in table fern. Only the deoerlbiag funetiom data for 0*-3 ore in 
graphieal fora because this is possibly the aost interesting oontrollsd 
cleeoat tested. 


4 Discussion OF BB 8 UOT 8 

For the ia-fUgkt onperineat the standard deviation for data 
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averaged over 5 raw as indioatod la figure X sad 2 for the system and 
town owtrollcr describing function ia oral 1. mans 20 dB/doo alopa for 
the amplitude ratio of the system describing function io Manured in the 
region of o rora over . 

Table 1, pro ranting o r ora orar frequencies and phase ra rgin a shove 
for pilot A 9 Cl-1 a ro gr aa rad nitration* An indioatod in table 2 high 
aooraa (soars - 1 - varianoe of tha error divided by variance of the 
forcing function) for "easy" dysaaios relative to those for Gfr-3 bane 
been Manured, Thin table shove alno that error-related relative reanaat 
(p^ ) in always higher than or equal to output-related relative reraaat 


Begarding pilot radelo (table 3 ) the interacting o b nn rva tion can be 
nade that near equal (-highV-value* for the lead tira eonatant have been 
obtained (table 3 ) and identical value* for the offootive tira delag for 
control of CB-3* 

When obrarving the in-flight Manured input injected reanaat, figure 
3 V for pilot B, or nearly flat np e otr ra up to 4 rad/oao ie Manured for 
the •rang dynaaioe" nitration C9-2, The ranulto for the 01-3 ho wev er indicate 
a -20 dB/deo elope over the mm freq ue ncy band. The data above « > 4 red/ 
rac ehould be dlnragarded beo au M a Mure uueoul ar/raaipnlator node exist- 
ed around 5*7 md/eee. 

The probability density footles ef the pilot's output (Fig* 4) dour- 
ly illustrates the regressed situation of pilot A, OB-1, (peafe-ei-sera)i 
for the CS-3 situation thin pilot shows leas briMdal oharaoter than pilot B* 

A ooraarioon of thara ranulto for pilot dgnanios with the pradietioaa 
of the mm ef reference 1, ehowo (table 4) lag (lead) equal! aatier (CS-2) 
by tha pilot as expooted free the ATOM "rules" with the leoatran ef the 
break frequen cy (l/tj) in srah a wag that a long etratoh of -20 dB/doo for 
the open loop eystes will eziot* tho or o a e o v e r f r e que nol ee Man ured, 

3 re s pec t ive lg 1.6 rad/aeo, are 40 */• below the values of 5 rajpootivelg 
3 red/oeo for X Q end Xj^-tarmm ra indioatod bg the Am* However, the 
controlled ntatoMst fora notrallg existing daring the eaqwrlMSt differs 
from tha airal* ezpreeeioae Motioned shove* in additional 90° phase lag 
aziato for Cfr-2 rails an inc rea s ed pksM leg (in ezoora ef 180°) estate 
for w>2 rad/aeo for CB-3* 
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Moving-ham oxpariMSte yielded higher or o m ov er frequencies and 
lover phase Margins than eeapambls fixed-brae export rants for tbe ease 
pilot with an "sang" oontrallod olorant, pilot A, CB-1 b \|a oeapartson 
for pilot B, OE-2, is not possible beoaura for the noring-bara el teat ion 
tee few practice runs were included*] 

For Cl-3 no appreoiable ehaagee ia o r o ra - ovsr freque nc y and p has e aurgia 
can ba observed when eeapertag raving- end fixe d ba se results* 

Approximately 30 °/o inoraara in tha 1 - CT value for tha error 
can be observed when going free the rav Ing-bera to the fixed-base eituat- 
ioai this is also seasurad for tho cany dynaaioe. Thin trend correlates 
well with the oorasntiry of the pilots, ntnting that the tank was easier 
when perf ormed with ration* The seora fore noviag-bera was elwage hi g h e r 
than either flight or fixe d - b ara* 

Trend ia the output-related relative reraaat ehown a r e v ers e ia the 
relative naubere when ooaparing the easy and difficult dgaaadrai for the 
sang dynaaioe the relative reanaat desranms whan going fron the NB to 
situation while tha inverse holds for the difficult dynaaioe. 

Excluding the regressed central situation in-flight for pilot A, 
CB-1, good eorravpondeaeo oxisto between in-flight end ground-based 
seasurad pi let-vehicle agates perfor raara * 

The relation of raviag-bara and fixed-base siaalntor results show 
that notion own have a definite effect on pilot's tracking behaviour. 


With respect t# the la-fllgkt results, no direct oeapartson of 
agates per f o rm an ce with previous resnlta is psssibls due to the lack of 
data in tbs literature* 

A siailsr in-fligkt and groun d baae d study by Seokel and ethers, 
reference 2, presents no pilot-aircraft agates data* 

Kora mount in-flight data have boon reported bg Bewail end Smith in 
reference 3| pilot-airaraft s yata s data for a foreiag fnotiea bandwidth 
ef 1*5 rad/aao ere given bat the teak here wee a rail-tracking tank* Far 
the A-2+ eeafigurntien of thin reference, a or o ra over freq ran oy of 1*8 
red/eeo and a phase rargia of $0 degrees were obtained far pilot A and B 
(Pilot C showed "regressed” central o ha r a o te r let ioe). A fitting of a 
simple rathnmtiral nodal indioatod a lead tira constant ef 2*3 seconds* 


s) This naan obs erva tion 
participating ia tha gra 


frea the data of 
p rag r a s* (Pilot 0, 
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la rafarea am 2 aad 3 no renaant data ara praaaatad* 

Table 5 praoents correlation of tbm oarraat PB reaalts with data of 
rafaraaoa 4 aad 5 (finnd-baae also), la rafaranoo 4« data originally frea 
■ASA TBD-2067 ara praaaatad (p*244) far high dynaaioe which ara aaitad 
for a oooparlaon with the oarraat C^-2 dynaaioe* Tha aatlaata far qyatea 
crown e rro r frequ ency (3*3 rsd/eeo) fron data at lowar fraqaaaoiaa raport- 
ad haraia aeeae oa the optldatlo aida. The phaaa ewa of tha rafaraaoa 
ooiaoidaa ooaplately with tha oarr aat aaaaarad phaaa o nr v a at lowar 
fraqaaaoiaa* A phtaa aargla of 35 degrees (aa pradiotad la tha rafaraaoa) 
laada to a aswly aotloatad oroaa on er at 3 rad/aao* 

Thla agrees wary wall with tha oarraat aaa a arad 2*6 rad/aao (phaaa aargla 

40 degreee for CS-2. 

In rafaraaoa 5 raaolta for a singla axis experiment ara praaaatad 
whioh oaa ha naad for eaoparlaaa with tha oarr aat low dynaaioe (CB-3). 

Tha a aa aur ad pllot-airoraft ay a tea desariblag faaotioaa far thla azparlaaat 
ara praa a a t ad h o we ve r la rafOraaoa 6* 

Tha o roa a ova r fraqnaaoiaa of 2*4/2*7 r epor t ed haraia far two pllato 
oo rr oa p oa da to wary low phaaa aarglae of 12 and 0 degree a ra apa o tiraly. 
Taking tha llhorty to question tha oarraotaaao of tha aaplltada sealing 
la thla eaaa t a aaw aatlasta for tha o r o aa ove r fr aqaa aay oaa ha aade* 
Taking tha lawaat phaaa aorgia raportad la tha oa r raat pregraa aa wall aa 
la tha experlaonts daaorlhad in tha litaratare for taoka whor e lav froqnea- 
oy load ia generated, naaely 20 degrees, a velne of 2 rad/aao far hath 
pi lota rasalta* Again thla eorralatao wary wall with tha raaalto daoorihad 

To aoMorlse, tha following eaa ha aaldi 

- Tha pradlotlaaa of pilot’ a eqaaliaation (form sad looatloa of hraak 
potato) and hla effective tlo» da lay hy tha ATOM (1965 atataa) holda 
for tho in-flight pitoh attitnde brooking sitaatiea* 

- Tho flight data oarrolata wary wall with raw alto oht&iaad daring tha 
yooed- h aasd experiment* Charaotariatl* far "aaay dynaaioe* ara ara aa 
ov ar freqaeaoiee of 3*0 to 3*2 rad/aao with a phaaa nargia of 20 to 30 
dagrooa for flight and aaviag-haao elanlatioa ooaditioaa* Pi xad haa a, 

Par oaotrol of tha "diffloalt dpaaadaa** a r a aa ovar fraqaaaoiaa of 
1,8 to 2,0 rad/aao with phaaa aargln 20 to 35 dograas are aaaaarad- 
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PLT • in-flight MB • apviag-hess mXmUUr PB • fixed-base eimalator 


A review of qnaai-llnaar pilot oadala. 
2EB T r a as as tiene on Smba Fhatara la 
Elaotrccdoa* Pol* H9B 8, waabor 3# 
Saptaofeer 1967 . 

Honan pilot dysaaio raa poaaa la flight 
and aiaalatar* 

KABO Taohaioal Bapart 57-520, 


Bomb traaafar characteristics la flight 
aad grand aionlntion for a rail traoklag 

BABA TBB-5007, 1969 * 

Acceleration otraaa affaata oa pilot 
parfaraaaoa and dynaaio ra apoaa a* 

S seo nd Aaaaal XASA-Balvsrsity Ooafaraaoo 
oa Nftanal Control, USA SP-128, 1966* 

M aaanraaan t of pilot da ao r ihdag faaotioaa 
ia aiaglo oon trollar aaltiloap taaka* 

XASA CB-1238, 1969 * 

Pilot dyaaalaa for lna trva a nt a ppr o a c h 
taafcai fall panel ooltlloop 
aad flight dlraotor oparatlona* 

XASA CB-2019, 1972* 
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3 Hotel for pilot* • teoerltoag ftmotian (PLT) 


Form eootrollod tlamt 


OB-2 

CB-3 

* e (bawd on n^Utwte 
ratioi pkm lag&- 90 °) 

B c /5^ (wry food ipyraiiwiiaa for 
amputate ratio • pfaass lac —o— te - 180 ° for 
w > 2 rad/oao) 

lvm 

F?:lf ’T| 

ATOM 

Thlo 

Pilot A 

“Slat B 

Uc(-lMd) 

U«(-Urt) 

Low froq.laad 

Low fTaq.laad 

Low ftmq.load 

l/TjfiaAe-o** 

1/fj- 0.7 


V\«0.81 

l/[>m 0.22 

(% - 0.33) 
t^- 0.22 

r e *0.26 

Pt- 0 . 50 ) 

T^O .38 

T^O.38 

T^-0.38 


4 Corralatiea wit* pilot dgnuaioo prodietod lgr tte im of rofaraaoa 1, 
<*» t • for® in* function baadwifttiu (T c ) 



1) Eotlaatod froa ajatoa daoeritaUt function data at lowar ftmqa aao i— , 

2) Eotiaatod aa in dicated ia rtfmaM (• 


Table 5 Correlation witk previous results, fjj tad te i« 



































































$ pilot a t 16 
£ pilot a * iff 

DATA DISPLACED ONLY FOR CLARITY 
ARROWS INDICATE CORRECT FREQUENC IES 

FI6 1. SYSTEM DESCRIBING FUNCTION CE-3 I FLIGHT ) 



& PILOT A* 1<T 
{ I- 1T6*lff 

—2-LEAST SQUARES FIT PILOT 6 
DATA DISPLACED ONLY FOR CLARITY 
ARROWS INDICATE CORRECT FREQUENCES 

FIG. 2 HUMAN PILOT DESCRIBING FUNCTION CE-3I FLIGHT i 













